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Abstract. In modern mechanical engineering, the control of surface quality of components, which directly
affects their operational characteristics, is becoming increasingly important. One of the key aspects is
the analysis of surface microstructure, particularly its periodicity, as it determines properties such as
wear resistance and corrosion resistance. Laser processing is one of the promising technologies that
allows the formation of regular microstructures, such as LIPSS (Laser-Induced Periodic Surface
Structures). Despite extensive research, the mechanism of LIPSS formation remains not fully understood,
and the results often show variable periodicity and orientation. To accurately analyze these structures,
mathematical and statistical methods, such as two-dimensional autocorrelation analysis (ACF) and fast
Fourier transform (FFT), are required. This study proposes a methodology for evaluating the periodicity
of microstructures obtained during laser treatment of metallic samples, using digital video microscopy.
The application of two-dimensional autocorrelation and spectral analysis within the Gwyddion
environment ensures reproducible and objective assessment of microstructures, while demonstrating the
effectiveness of ACF for surface topography analysis. The obtained data show the presence of pronounced
periodicity in the studied microstructure and confirm the complexity of the LIPSS formation mechanisms,
contributing to accurate quantitative analysis and adaptive control of laser modification processes.
Keywords: laser processing; LIPSS; autocorrelation analysis; microstructure.

1. Introduction
Modern mechanical engineering imposes increasingly high demands on the

quality of component surfaces, which directly affect their reliability, durability, and

operational characteristics [1, 2]. Special attention is paid to the microstructure of
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the surface layer, as it determines parameters such as wear resistance, corrosion
resistance, and fatigue load resistance.

One of the key aspects of microstructure analysis is the identification and
guantitative assessment of its periodicity [3, 4]. Periodic structures can arise from
various technological processes, such as surface plastic deformation, electroerosion
processing, magnetic-abrasive processing, and laser treatment. Understanding the
patterns of formation of these structures allows optimizing technological modes and
improving the operational properties of products.

Surface engineering in the context of modern high-tech production is
becoming increasingly important, especially in terms of precise control of material
microstructure. In industries such as aerospace [5], automotive [6,7],
microelectronics [8, 9] and biomedicine [10], key characteristics include not only
the chemical composition and macroform of products, but also the properties of the
surface layer [11], including its microtopography and texture.

One of the most promising surface modification technologies in recent
years is laser processing. Thanks to its high precision, localized impact, and the
ability to finely control radiation parameters, laser methods can form regular
microstructures and nanostructures, such as LIPSS (Laser-Induced Periodic Surface
Structures). These structures are wave-like reliefs with characteristic periods of the
order of the wavelength of the radiation and smaller, arising from the interference of
the incident laser beam with excited surface plasmonic fields.

However, despite extensive research, the process of LIPSS formation [12]
is not fully understood, and often the result is random, with varying periodicity and
orientation. As Bonse and Graf [13] note, even slight changes in irradiation
parameters—polarization, angle of incidence, pulse duration—can drastically
change the resulting morphology. This creates the need to develop precise methods
for quantitative analysis of the periodicity and regularity of the structures formed
[14, 15].

Classical metrological methods, such as roughness measurements (Ra, R2),
are unable to adequately describe the periodic nature of LIPSS [16, 17]. To address
this, mathematical-statistical approaches are increasingly being applied—such as
two-dimensional autocorrelation analysis and fast Fourier transform (FFT)—to
identify the dominant frequencies and directions of the relief [18 — 20]. Such
methods not only provide numerical assessments but also serve as tools for
visualizing periodicity, which is suitable for automated quality control.

In particular, as research by Abdelmalek et al. [21] and Magonov et al. [22]
showed, the combination of Fourier analysis with high-resolution scanning
microscopy (SEM, AFM) provides reliable results when controlling laser-modified
surfaces. The use of available software packages, such as Gwyddion, ImageJ, and
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MATLAB, allows reproducible image processing and the acquisition of objective
characteristics [23].

The aim of this research is to develop and demonstrate a methodology for
assessing the periodicity of microstructures obtained by laser surface treatment of
metallic samples. For this, two-dimensional autocorrelation and spectral analysis of
images obtained by scanning microscopy are applied, followed by processing in the
Gwyddion environment. The work aims to enhance the reproducibility of the
assessment and lay the groundwork for adaptive control of laser surface modification
processes.

2. Applied methods

Metallic samples (material grade: AISI 304) were used in this study, having
undergone laser processing to form regular microstructures. The treatment was
carried out using a femtosecond laser with a wavelength of 1030 nm, a pulse duration
of 300 fs, and a repetition rate of 100 kHz. The pulse energy and scanning speed
were varied within a range that ensured the stable formation of LIPSS (Laser-
Induced Periodic Surface Structures).

After laser processing, the samples were cleaned in an ultrasonic bath with
ethanol and dried at room temperature. No additional mechanical or chemical post-
treatment was applied to the surfaces in order to preserve the structure formed
exclusively by laser exposure.

Method of image acquisition.

Surface morphology was investigated using a digital video microscope
(HIROX KH-7700), which provides optical magnification ranging from 0.1x to
7000% and a camera resolution of 1600x1200 pixels (UXGA). These specifications
ensure adequate spatial resolution for identifying surface microstructural features
resulting from variations in laser processing parameters. The acquired high-
resolution images, saved in TIFF and JPG formats, were subsequently utilized for
numerical analysis.

Method of periodicity analysis.

Image analysis was performed using the open-source software package
Gwyddion — a freely available tool for processing scanning probe microscopy data,
offering functions for autocorrelation analysis, spectral transformations, filtering,
and visualization.
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The primary analytical method employed in this study was the two-
dimensional autocorrelation function (ACF), which enables the identification of
characteristic distances between repeating microstructural features, regardless of
their shape or orientation. The use of ACF provides not only a quantitative
assessment of periodicity but also a visual insight into the structural regularity,
symmetry, and the presence of local defects.

For each image, the ACF was computed, and the dominant spatial
frequency was determined from the central cross-section. The periodicity was
calculated based on the position of the first maximum of the autocorrelation function.
Additionally, the fast Fourier transform (FFT) was applied to confirm the results
obtained via the autocorrelation method and to evaluate the orientation of structural
elements.

Visualization and data processing.

The resulting autocorrelation maps and Fourier spectra were visualized
using Gwyddion’s built-in tools [24], which provide accurate scale referencing and
convenient image navigation. Additional statistical analysis — including the
calculation of the standard deviation of periods, regularity assessment, and
histogram plotting — was performed in the Python environment using the NumPy,
SciPy, and Matplotlib libraries.

This approach ensured a reproducible and objective evaluation of the
microstructures formed during laser treatment, and demonstrated the effectiveness
of combining ACF and FFT for surface topography analysis.

3. Results and discussion
The samples of structures on the surface of AISI 304 steel obtained after
laser processing (Fig. 1) demonstrate the presence of periodicity in the form of

regularly spaced features aligned along specific directions, characteristic of laser-
induced periodic surface structures (LIPSS).
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Fig. 1. Surface microstructure formed on the surface of AISI 304 steel.

.

The microscopy results clearly demonstrate the presence of low-spatial-
frequency laser-induced periodic surface structures (LSFL) and high-spatial-
frequency LIPSS (HSFL) on the sample surface (Fig. 1), as described in [25].

Autocorrelation analysis was carried out using the Gwyddion software,
with preliminary selection of regions exhibiting structures of different spatial
frequencies. To measure the isotropy of a surface, the autocorrelation function (1) is
used:

R(W) = 7, f(x) - f(x + 1)dx, (1)
R(t) — autocorrelation function, f (x) — the function for which the autocorrelation
is calculated, T — shift (the parameter by which the function is shifted during the
calculation process).
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Fig. 2. Analysis of the surface microstructure section with LSFL in the Gwyddion
software package. A — 2D plot; B — Surface plot.

Autocorrelation analysis performed in the Gwyddion environment revealed
characteristic spatial periods at the level of 3.536 um, confirmed by regular maxima
of the autocorrelation function. The measured peak parameters (height, area, width)
indicate a high degree of microstructure regularity.
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A B
Fig. 3. Cross-section of the autocorrelation function (ACF) (-90°) of the area with
a low-frequency spatial LIPSS structure. A — 2D plot; B — Graph.

The analysis of the surface microstructure area with HSFL was carried out
in a similar manner.
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Fig. 4. Analysis of the surface microstructure section with HSFL in the Gwyddion
software package. A — 2D plot; B — Surface plot.

Autocorrelation analysis of the region with high-spatial-frequency LIPSS
(HSFL) revealed characteristic spatial periods at the level of 1.0186 um, confirmed
by regular maxima in the autocorrelation function. The measured peak parameters
(height, area, width) also indicate a high degree of microstructure regularity.

For a more in-depth analysis of the regularity of the spatial structures, a Fast
Fourier Transform (FFT) of the autocorrelation function (ACF) was performed.
Although the identification of a principal spatial period was expected, the spectral
distribution predominantly exhibited a central peak with only minor side
deviations—this may be attributed to measurement noise, low structural regularity,
or fluctuations in the amplitude profile.

Nevertheless, the presence of side 'shoulders' near the 1 pm™ coordinate
confirms the existence of a dominant spatial frequency. This indicates partial
structural regularity and may reflect a characteristic scale of repeating elements.
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Fig 5. Cross-section of the autocorrelation function (ACF) (-90°) of the area with a
high-frequency spatial LIPSS structure. A — 2D plot; B — Graph.

Such a spectral pattern is typical for surfaces modified by laser irradiation
in the LIPSS regime, where the formation of periodic features results from the
interplay of both interference and thermal processes, often superimposed on one
another.
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Fig. 6. FFT spectra of the autocorrelation function (ACF). A — LSFL; B — HSFL.

Thus, in this case, the FFT spectrum of the ACF serves rather as a
supplementary diagnostic tool to confirm the presence of periodic components,
rather than a primary method of quantitative analysis. Visual inspection of the ACF
and identification of the first-order maxima remains the preferred approach in terms
of accuracy and interpretability of the results.

4, Conclusions

Analysis of the autocorrelation functions (ACFs) derived from microscopic
images of the processed surfaces revealed a pronounced spatial periodicity. Figure 4
presents an example of an ACF along the -90° direction, generated in Gwyddion
based on the original topographic data.

The first local maximum is observed at T =~ 3.54 um, corresponding to the
characteristic period of the regular structure. Additional maxima appear at intervals
of approximately 7-8 um, indicating repeatability of the pattern within the analyzed
area.

To quantitatively describe the structural regularity, local maxima on the
ACF plot were marked (see Fig. 5). The coordinates of the first five maxima are
listed in Table 1.

Ne T, um h A w

1 3,54 835,7 998,2 0,425
2 11,21 289,6 307,8 0,427
3 18,80 608,6 689,9 0,429
4 26,40 396,7 347,1 0,323
5 29,99 4429 592,1 0,613

Table 1. Coordinates of the ACF maxima and repeatability parameters of the
surface icrostructure section with LSFL.

Despite partial irregularity in the amplitude characteristics (h, A), where
the heights (h) and areas (A) of the ACF peaks provide an estimate of the structural
contrast and repeatability, the spatial positioning of the maxima exhibits
satisfactory equidistance, confirming the presence of a stable periodic structure.
The variation in T values between adjacent maxima does not exceed 0.6-0.8 um.

In addition to the primary periodic structure with a characteristic pitch of
approximately 3.5 um, high-frequency formations oriented perpendicularly to the
primary ones were detected in certain surface areas (Fig. 1). These features are
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identifiable both in the topographic data and in the corresponding ACF cross-
sections.

Figure 6 shows the annotation of additional maxima corresponding to the
secondary (high-frequency) pattern. Table 2 provides their numerical
characteristics.

Ne T, Um h A W

1 1,02 25109 1198 600 177,3
2 1,99 11943 586 048 180,4
3 3,01 970,2 538348 206,7
4 4,05 389,5 336519 263,4
5 5,38 4825 273321 200,7

Table 2. Coordinates of the ACF maxima and repeatability parameters of the
surface microstructure section with HSFL.

As can be seen from the presented data, this structure has a smaller period
(on the order of 1-2 pum), a higher frequency, and a relatively higher amplitude of
autocorrelation function (ACF) oscillations in the initial interval. The width of the
ACF peak (parameter w) can be interpreted as an indicator of the variability or
dispersion in the structural periodicity. This parameter (w) varies from 177 to 263
nm.

Such a two-level periodicity may indicate the superposition of different
mechanisms of structure formation during laser processing: the primary one is of an
interference nature, while the secondary one is caused by modulations of the local
thermal gradient or inhomogeneities in the energy distribution of the laser beam.

The obtained data is consistent with the formation characteristics of LIPSS
structures during laser processing, where periods on the order of 1-5 pum are
typically formed, depending on the wavelength and irradiation parameters. Since the
mechanism of LIPSS generation remains complex and includes interference,
capillary, and thermoelastic components, additional quantitative processing of the
ACF helps to improve the reliability of the analysis of the resulting structure.

Such spatial decomposition of periodicities within a single processed area
can serve as additional confirmation of the complexity and multi-component nature
of the laser impact mechanisms. The presented data allows for the identification of
the parameters of both structures with high accuracy, with the autocorrelation
function serving as the primary tool for quantitative analysis, ensuring the objective
identification of periods without prior assumptions about the shape or direction of
the modules.
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AHAJII3 TAPAMETPIB JIASEPHO-IHIYKOBAHHUX NEPIOJJUYHUX
MIKPOCTPYKTYP (LIPSS) HA IIOBEPXHI HEPJKABIIOUOi CTAJII
3 BAKOPUCTAHHSIM ABTOKOPEJISILIMHUX ®YHKIIN

AHoTanist. V cyuacnomy mawunobyoyeanni dedani 6Ginbuioco 3HauenHs Haby8ac KOHMPOTb SAKOCHI
nogepxui KOMROHeHmMis, wo be3nocepednbo 6NIUBAE Ha iXHi excniyamayitini xapakmepucmuxu. Oonum
3 KJIIOYOBUX ACNEKMi68 KOHMPONO AKOCMI € aHali3 MIKpOCMPYKMYpU NOGepXHi, 30Kpema makoi it
mpubonoiuHOl Xapakxmepucmuxky AK NepiooudHOCmb, OCKITbKU Ye GU3HAYAE MAKI 81acmugocmi, K
3HOCOCMIUKICMb, ONMUYHI 61acmueocmi ma Kopositna cmiiikicms. Jlazepna obpobka € oO0Hiclo 3
NEPCREeKMUBHUX MEXHON02IH, WO 0036015€ (opmyeamu pe2yisphi mikpocmpykmypu, maxi sx LIPSS
(nazepno-indykosani nepioouuni noeepxmegi cmpykmypu). Hezsagicaiouu na uucenvhi 0ocriodcenns,
mexanism ymeopenns LIPSS sanuuaemocs eusuenum He 00 Kinys, i pesyibmamu 4acmo 0eMOHCmpyons
3MIHHY nepioOudHicmb ma OpieHmayiln OmpumMaHux 6 npoyeci OOCHIONCeHHs MIKpocmpykmyp. s
MOYHO20 aAHANIZY YUX CMPYKMYP HeOOXIOHi Mamemamuyni ma CMmamucmuyui Memoou, maxi sk
0sosumipnuti  asmoxopenayitinui  ananiz (ACF) ma weuoke nepemeopenns @yp'e (FFT). V
npeocmagieHomy 00CHiONHCeHHI NPONOHYEMbCA MeMOO0N02is OYIHKU NePIOOUUHOCT MIKPOCMPYKMYP,
AKI Oyau ompumano nio uac nazepnoi 0bpobku memanesux spaskie. Cmpykmypu 0Oyno0 6usueno 3a
00noM0o2010 YuPposoi sideomikpockonii, nicis 4020 6y8 NposedeHull aHaLi3 OMPUMAHUX 300PaAd*CeHb
NOBEPXHI 3 BGUKOPUCMAHHAM npocpamHo2o cepedosuwja Gwyddion. 3acmocyeanus 0808UMIpHOT
agmoxopensayii ma cnekmpanpho2o ananizy @ cepedosuwyi Gwyddion sabesneuyec siomeoprosany ma
00'€KMu6Hy OYIHKY MIKpOCMPYKMYp, 00HOHACHO Oemoncmpytodu epexmuenicmv ACF ons ananizy
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monoepagii nogepxwi. [ Oitbut 21O0KO20 AHANIZY pe2YISPHOCMI NPOCMOPOBUX CIMPYKMYp 6y10
6uUKoHano wieuoke nepemeopennss Dyp'e (LLUIIP) ompumanoi asmoxopensyitinoi Gynryii (AKD).
Cnocmepedicennss HasiGHOCMI HE3HAYHUX 000amKo6ux Oiunux nixie Ha epagixy (LUIIP) nobauzy
KOOPOUHAMU 207108H020 NIKY NIOMBEPOACYE ICHY8aHHA OOMIHYIOUOT npocmoposoi uacmomu. Lle exazye
HA 4acmkosy CMPYKMYpHy peeylapHicmb i Modce 8idobpajxcamu XapakmepHui —macuimab
noemoprosanux eremenmie. Ompumani 3a Odonomozcolo asmokopenayiunoeo auanizy (ACF) oani
NOKA3VIOMb HAABHICHb BUPANCEHO! NEPIOOUYHOCMI 8 OQ0CTIONCYBAHIN MIKDOCMPYKMYPI, OOHOYACHO
niomeepodicyiouu cknaouicmo mexanizmie gopmysannsi LIPSS, cnpusmumyms mounomy kinexicnomy
aHanizy ma adanmueHOMy Kepy8anHio npoyecamu 1a3eproi Moougpikayii.

KuawuoBi cinoBa: nazepra 06pobra,; LIPSS; agmokopensyiiiHuil aHanis, MiKpocmpykmypa.
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